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The temporal response of cadmium-zinc-telluride (CZT) crystals is evaluated at room temperature by using an
ultrafast-pulsed x-ray source. The dynamics of carrier relaxation in a CZT single crystal is modeled at a microscopic
level based on a multi-trapping effect. The effects of the irradiation flux and bias voltage on the amplitude and full width at
half maximum (FWHM) of the transient currents are investigated. It is demonstrated that the temporal response process is
affected by defect level occupation fraction. A fast photon current can be achieved under intense pulsed x-ray irradiation to

be up to 2.78x 10 photons mm~2-s~!

. Meanwhile, it is found that high bias voltage could enhance carrier detrapping by

suppressing the capture of structure defects and thus improve the temporal response of CZT detectors.

Keywords: CdZnTe, ultrafast-pulsed x-rays, transient current, charge carrier

PACS: 72.80.Ey, 73.50.Gr, 73.61.Ga, 72.20.Jv

1. Introduction

In order to improve the early stage detection and di-
agnosis of diseased tissue, such as tumors or breast cancer,
high-quality gamma and x-ray detectors are required in med-
ical diagnostics and therapy equipment. For these applica-
tions, the typical x-ray flux could reach values as high as
200 MHz/mm?-2000 MHz/mm?. It is therefore a great chal-
lenge to operate the detectors in pulse mode. So far, scintilla-
tion detectors coupled with photo-detectors have been mostly
employed in timing measurements, such as in nuclear physics
experiment diagnosis and in positron emission tomography
(PET) imaging.!") Unfortunately, the energy and spatial res-
olution of scintillators are usually limited, especially in the
case where the scintillator size needs to be reduced.?! To over-
come this shortcoming, CdZnTe (CZT) detectors with higher
stopping power, compact size and better spatial resolution are
becoming attractive for various hard x-ray and soft y-ray imag-
ing applications.®->) However, the development of CZT detec-
tors for medical imaging system is challenged by a number of
factors, particularly the inherent defects within bulk crystals.
Trapping, detrapping and recombination through those defects
can significantly deteriorate the detector performance under
the high flux pulse model, thus inducing afterglow, ghosting
and polarization effects.

Thus, an in-depth understanding of the temporal response
mechanism of CZT detectors is required in order to record
Xx-ray or y-ray emission accurately. There have been a few
studies of exploring the temporal response of CZT detec-
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tors. For instance, >*' Am a—y coincidence!®! and high energy
pulsed x-ray photons!’! have been utilized to investigate the
temporal properties of CZT detectors. These measurements
suggested that CZT has a time resolution on the order of a
few nanoseconds and can be improved by using digital signal
processing.®%1 Du et al.'%! have suggested that the temporal
response of CZT may be unstable under intense irradiation.
Bale et al.!'!l reported the lateral polarization effect generated
in CZT detectors, which were fabricated from crystals with
low hole transport properties, due to the hole trapping when
exposed to the continuous high-flux x-rays.

In contrast to most of the existing literature, the present
work focuses on the corresponding properties of CZT un-
der ultrafast pulsed x-rays with high intensity. Specifically,
the carrier recombination, trapping and detrapping processes
through defect levels in the carrier transport process are dis-
cussed to explain the temporal relaxation process. Based on
that, a mechanism of polarization under high x-ray flux and
the effect of bias voltage on temporal response are proposed,
to provide a guide for optimizing CZT material and detector
design.

2. Experiment

High-resistivity indium-doped Cdp9ZngTe crystals
grown by the modified vertical Bridgman method under the
Terich condition!!?] have been used in this study. The sam-
ples were cut from the as-grown ingots with dimensions of

10 mmx 10 mmx1 mm and fabricated into planar structures
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with Au contacts. The typical leakage current for the devices
was 2 nA-8 nA at an electric field strength of 1000 V/cm.
The electron mobility lifetime product was determined to be
1.9 x 1073 cm®-V~! by ! Am coincident 5.48-MeV alpha
particle response measurement.

For temporal pulsed x-ray response measurement, the
CZT detector was biased by using a commercial DC power
supply (Keithley 248). The induced current signal from the
detector was recorded directly by a digital oscilloscope (Tek-
tronix TDS 4104, 1 GHz, 5 GS/s) connected through a 50-Q
load resistor. The schematic diagram of the setup used for
the temporal response measurements are shown in Ref. [13] .
Ultrafast x-rays were produced from a sub-nanosecond repe-
tition rate pulsed hard x-ray generator with a changeable tube
voltage from 200 kV to 350 kV. The repetition frequencies of
1, 2, 10 or 100 Hz could be achieved. A tunable duration of
~ 200 picoseconds was obtained by using a peaking—chopping
switch. A special attenuation film was positioned at the emis-
sion port to partially absorb the high energy x-rays. The major-
ity of the emission photons had energies in a range of 40 keV-
70 keV, 13! which results in the variation of the depth of inter-
action (DOJ) in CZT detector. The incident x-ray flux of each
pulse is approximately 10° photons mm~? at a distance of 1
meter from the emission port, which is proportional to 1/72,
where r is the distance from the beam port. All measurements
were conducted at room temperature.

3. Results and discussion

3.1. Fundamental principle of pulsed x-rays measure-
ments

Since the mean penetration depth of the x-rays in CZT
ranges from 90 pm to 400 um, the majority of the photons
will be absorbed by the 1-mm-thick CZT samples. Plenty of
electron—hole (eh) pairs are generated in the bulk CZT crys-
tal by photoelectric effect. Under the influence of the elec-
tric field, the electrons and holes will be separated from each
other and drift toward anode and cathode, respectively, which
forms the current measured in the external circuit. Figure 1(a)
shows a typical photo-response transient current waveform of
CZT, which is produced on the cathode side under a bias of
300 V. A sharp rise to a maximum value at the beginning of
the exposure is observed. The rise time (7;) is calculated to be
about 2.2 ns, which depends on the implosion time of x-ray
and the intrinsic response time of the detector. The tunable
duration of x-ray is ~ 200 ps, which is much shorter than that
of CZT detector. Thus, the rise time of the response transient
waveform can be considered as to be an manifestation of the
time-response properties of the CZT detector.

After reaching maximum amplitude, the current wave-
form starts to decrease exponentially back to the baseline. Fig-
ure 1(b) schematically shows the formation of the pulsed x-

ray-induced transient waveform. Since the pulsed x-rays are
non-monochromic, the depths of interaction in CZT crystal are
random and uncertain. Thus, the transient current waveforms
become dispersive and no transit time is discernable.
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Fig. 1. (color online) (a) Typical transient current waveform for CZT under
bias voltage of 300 V, (b) schematic illustration of the formation of pulsed
x-rays induced transient current waveform, and (c) major process of carrier
restored by trapping C,,(,), detrapping e, and recombination Ry ).

The transient current relaxation process is associated with
the carrier drift, trapping and recombination, which consists of
a fast (7r) component and a slow (75) component, as shown
in Fig. 1(a).
inevitable, which can significantly change the transient cur-

It is well documented that defect levels are

rent waveform by trapping and recombination effects.!!*! The
multiple-trapping process!!3! describes this dynamic of carri-
ers restoring to equilibrium, as illustrated in Fig. 1(c). For
simplicity, only two trap levels, denoted as Ey; and Ejp, are
considered for electrons and holes, respectively. In the CZT
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crystal grown under the Terich condition, the deep-level defect
Tecq with the second ionization energy of ~ 0.59 eV and Vg
with the second ionization energy of ~ 0.43 eV have been well
known as the electron and hole trap centers,!'*! respectively,
which may dominate this relaxation process. Without con-
sidering the diffusion effect, the basic one-dimensional trans-
portation equations for the free electron density n(x,t) and
trapped charge density n¢(x,#) in CZT crystal are as follows:

on dn

5 = “HnES_ —Ran—Contenny, M
on

7&; = Cnn —€nly — Rva (2)

where x is the distance from one electrode, E is the electric
field which can be determined by the Poisson equation and
is the density of electrons that are trapped in the defect lev-
els. The electron (hole) recombination rate Ryp)s the elec-

tron capture rate C, and the electron emission rate e, are given
by, [16:17]

Ry = ptOurVin, (3)
Rp = niGprvm, “4)
Ch = (N — 1) Onevin, &)
en = Neopvimexp(—(Ec — En) /kT), (6)

where 0, (), 1s the electron (hole) recombination cross section,
Ont 1S the electron capture cross section, N is the total density
of electron trap levels and vy, is the thermal velocity of carri-
ers.

These equations predict that the net rate of carrier is a
function of defect-level occupation fraction. After the x-ray is
terminated, all the trapping centers are filled and the net flows
of carrier at defect levels are nearly zero. The electrons in
the conduction band will recombine rapidly at a high density
of excess carriers, which plays an important role in the fast
component of the photo-response waveforms. As the excess
carriers in conduction band decay sufficiently, the trapped car-
riers will be thermally reemitted back into conduction band
simultaneously, which dominates the slow component of the
photo-response waveforms.!!*! By the subsectional fitting of

the transient current with single exponential, the fast decay
time 7¢ and the slow decay time 7y are calculated to be 9.17 ns
and 14.01 ns, respectively.

3.2. Effect of irradiation flux

To determine the effect of the irradiation flux on the tem-
poral response performance, the transient current waveform of
CZT is obtained as a function of the distance from the x-ray
source (7) at an identical bias of 150 V, as seen in Fig. 2(a).
The full width at half maximum (FWHM) of the transient
waveform is introduced to evaluate the effective transit time
in relaxation process under the uniform pulsed x-ray injec-
tion condition.!'8] The amplitude and FWHM of the photo-
response current waveform are measured and plotted versus
x-ray flux, as shown in Figs. 2(b) and 2(c), respectively. A
growing x-ray flux will result in the increase of the number of
eh pairs and consequently the amplitude of transient current,
which accords well with the experimental data. The photo-
response current amplitude increases linearly under low x-ray
flux. It demonstrates that the electrical filed is nearly uniform
within the CZT detector under lower x-ray flux. The effec-
tive electron velocity Ve can be determined by Vess = UeU /L,
where U is the bias voltage and L is the detector thickness.
However, with the flux increasing beyond 2.78 x 10° pho-
tons mm™2, it becomes sublinear. The polarization will oc-
cur with the increase of the carrier trapping under higher x-ray
flux. The effective electron velocity Ves can be evaluated from

-1 ( : )
Veff = )
L Te + D

where 7. and 7p are the electron trapping time and detrapping

time, respectively.!'!! In this case, the carrier trapping effect
significantly reduces the effective electron velocity. The ad-
ditional space charge originating from trapped photo-carriers
is accumulated at deep levels. Once the space charge exceeds
the critical value, the net effective field across the device is
significantly reduced, leading ultimately to the electric field

19201 Eventually, a dead layer will

to collapse in the detector.!
form inside the detector, thus significantly reducing the charge

collection efficiency.
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Fig. 2. (color online) (a) Temporal response waveforms as a function of distance r at an identical bias of 150 V, (b) signal amplitude versus x-ray flux,
(c) plot of FWHM of signals versus x-ray flux, with solid squares representing experimental data and red solid lines referring to linear and exponential

fitting, respectively.
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The FWHM of the current waveform decreases with x-
ray flux increasing, as seen in Fig. 2(c). It suggests that the
concentration of excess carriers influences the FWHM by the
fluctuation of defect occupation fraction. The excess carriers
are more likely to recombine with each other rapidly when the
excess carrier concentration is high enough to fill all the trap
centers. Thus, the FWHM is smaller under higher x-ray flux.
However, the FWHM of the transient current waveform will be
broadened by the carrier detrapping effect, since carrier con-
centration in conduction band is deficient under the low flux
irradiation.

3.3. Bias voltage-dependent measurements

The polarization effect is strongly affected by x-ray flux,
temperature and bias voltage. Based on the above results, the
CZT detector is located at a distance of 1 m from the x-ray
beam port to avoid the space charge accumulation effect. The
effect of bias voltage on temporal x-ray response is studied.
Generally, the variation in the x-ray flux can be neglected at
a fixed distance. Thus, the number of eh pairs generated by

photoelectric effect is constant. Figure 3(a) shows the typi-
cal bias dependence of photo-response current waveform. The
good linearity is shown between the transient current ampli-
tude and bias voltage, which confirms that no obvious space
charge accumulation effect is present as seen in Fig. 3(b).

The fall time of the transient waveform signal decreases
with the bias voltage increasing. Figure 3(c) shows the FWHM
of the transient current waveform as a function of bias volt-
age. A fitting to the experimental data shows that the FWHM
is inversely proportional to the bias voltage. Significant carri-
ers trapping in CZT crystal at lower bias voltage will result in
a reduction in the transient current intensity and prolong the
transit time. Thus, the FWHM is broadened at a lower bias
voltage. However, with the increase of the bias voltage, the
slow decay time (7;) decreases from 40 ns to 11.62 ns. As
mentioned above, the slow component of transient current is
dominant by carrier detrapping effect. It indicates that the bias
voltage enhances the carrier emission from trap center, and
thus reduces the 7. This phenomenon has been well described
by the Poole—Frenkel effect. [>!]
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Fig. 3. (color online) (a) Temporal response waveforms as a function of bias voltage under similar irradiation flux (» = 1 m), (b) bias dependence of
signals amplitude, (¢) FWHM of the signals versus bias voltages, with solid squares representing experimental data and red solid lines denoting linear and

exponential fit, respectively.

On the other hand, the charge transport behaviors are
also significantly influenced by structural defects such as Te
inclusions.!??! The charge cloud spreads when it drifts towards
the electrode, with its radius r(¢) being as a function of detec-

tor bias as follows: %3]

2UkpTd(1)D

=1.15
40 v

) )

where d(t) is the drift distance of the charge cloud, kg is Boltz-
mann’s constant, D is the detector width, T is the temperature,
q is the charge of the carriers and V' is the detector bias. An
increase in the bias voltage will cause an associated decrease
in the charge cloud radius r. This means that the carriers are
less likely to become trapped or scattered, leading the “charge
carrier cloud” transit time to decrease. In turn, the decrease of
FWHM of the transient current waveform is observed to be a

function of applied bias.

4. Conclusions

The temporal pulsed x-ray response of CZT crystal is
evaluated at room temperature. The rise time of transient cur-
rent is found to be 2 ns, indicating the excellent time resolution
of the CZT detector. The relaxation process of transient cur-
rent is modeled at a microscopic level and described by the
multi-trapping effect. It is proposed that the fast decay part is
dominated by a recombination process while the slow decay
part is controlled by a carrier detrapping effect. The results of
flux-dependent transient current measurement further confirm
that the FWHM of transient current is affected by the defect
occupation fraction.

The relatively low sensitivity to pulsed x-ray can be ex-
plained in terms of a dead layer induced by a space charge
accumulation effect, which significantly collapses the electric
field. The critical value of polarization is ~ 2.78 x 10° pho-

2

tons mm~2-s~! in CZT crystal. To further improve the tem-

poral response of CZT detectors, high bias voltage is used
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to enhance carrier detrapping and alleviate the capturing from
structural defects.
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